METHOD AND APPARATUS FOR CONTROLLING OUTPUT CURRENT OF 
METHOD A ™^ E/ALTE ^ AT0 R ON COMMON SHAFT 

CROSS REFERENCE TO RELATED APPLICATION 
HUM This application is a division of United States Patent Application 10/466,386 fded 

May 28 2003 which is a continuation of United States Paten, Application No. 09/840,572, fled 
April23 200., which isacontinnationofUnitedStatesA P plica,ionNo.09/3,9,390,fded June 

, ,999 which is the United Su.es national phase of International Application No. 

PCT/US97/22405, fi.ed December 3, 1997 which designated, Mer alia, the United States, and 

wh ich claims the benetit of United States Provisional App.ication No. 60/032,149, filed 

December 3, 1996. 

BACKGROUND OF THE INVENTION 
,0002, Gas turbines must be driven to rotate at a starting speed by auxiliary means prior 

o fuel injection and ignition and se.f-sustained operation. In the past, for example gear box 
systems drivenbyauxilia^ectric or compressed air motors have beennsed.o rotate *eturbme 
tostartingspeed. "Air" impingement starting systems have also been used with small turbmes 
^operated by directing a stream of gas, typically air.onto the turbine or compressor wbeelt 

,0003, Electrical power may be generated by using a gas turbine to drive an alternator. 

througbagear box. In these systems, the speed of the turbine must be precsely controlled to 
maintain the desired frequency and voltage of the alternating current output. 

SUMMARY OF THE INVENTION 
,0004, In accordance with the present invention, an alternator having a permanent magnet 

risconnectedtomemainturbinerotormakingpossiWebothstartingoftheturbineaswell 
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rotor is comicvi^u — 

as generation of electrical power. The electrical system described herein allows the rotor* 
operate at various speeds with an output frequency and voltage unrelated to rotor speed. Th 
electrical system incorporates a unique inverter which yields the appropriate 
frequency in both the startup mode of operation as well as in the power generation mode 

LTsT The electrical system is used to cause rotation of the turbine during the startup 

reached its normal operating conditions. A, startup, the a— factions as an electnc moto. 
The functions of the electrical system a, startup comprise power boost, power swrtcmng and 



control to provide, for example, three-phase AC electrical power to the alternator. Both the 
frequency and voltage are controlled as a function of time and rotation speed. Electrical power 
for the electrical system isohtained during startup from either a DC source, such as a battery, or 
from an AC power line. The startup circuit may function as an open loop contro. system or as 
a closed loop control system based upon rotor position feedback. 

.0006] As the turbine approaches normal operating conditions at very high speeds of 

rotation powered through the controlled combustion of fuel and air, the electronic circuitry used 
to initially drive tee alternator asamotor is automatically reconfigured to accept power from the 
alternator. Subsequently, three-phase electrical power becomes available for extraction from the 
electrical system at desired voltages and frequencies. 

,0007. Briefly, according to this invention, an electrical system for a turbine/alternator 

comprises a gas driven turbine and alternator rotating on a common shaft. The alternator has a 
permanent magnet rotor andastator winding. A stator circuit is connected to the stator winding. 
A DC bus powers an inverter circuit. The output of the inverter circuit is connected to an AC 
output circuit or through a first contactor to the stator circuit. A rectifier is connected between 
the stator circuit and the DC bus. A signal generator is driven by signals derived from the rotation 
of to common shaft and an open loop waveform generator produces waveforms independent of 
therotationofthe common shaft. A second contactor connects either the signal generator or the 
openloop waveform generator toadriver connected to cause switching of dte inverter ciremt. A 
temporary power supply supplies energy to the DC bus. A control circuit, during a startup .node, 
switches the first contactor to connect the inverter circuit to the stator circuit and swttches the 
second contactor to connect the signa. generator to the driver, preferably a pulse width modulator. 
The control circuit, during a power on, mode, switches the first contactor to disconnect the 
inverter from the stator circuit and switches the second contactor to connect the open loop 
waveform generator to the driver. During the startup mode, the alternator functions as a motor 
to raise the speed of the turbine to a safe ignition speed. The inverter is used to commutate the 
stator windings in response to the signal from the signa. generator. During a power out mode, 
the inverter is used to convert the rectified output of the alternator into AC signals apphed to the 
ACoutput circuit in response to the open loop waveform generator, thus producing electnc power 
having a frequency unconnected to the rotational speed of the alternator. 
[00081 According to a preferred embodiment, an electrical system for a turbine/alternator 

comprises a gas driven turbine and alternator rotating on a common shaft. The alternator ts 
comprised of a permanent magnet rotor and a stator winding. The stator winding is connected 
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JL*-.*-— d «oa Si ^ 8 e» era ,o, AposMonencoae,, — to* 
^e shaft of the turbine/—. ,ts output is afco coated to the Slg nar genemtor. The 
barter processes the DC has vo.tage and signa, generator ontpu, to develop three-phase AC 
utputlges. The signai generator controls the inverter ^„. C^^ 
vale voitage DC power suppiy applies a tinte variant vo.tage to the DC bus. The DC u 
voltage controls the inverter output voitage ,eve>. Thus, the output ftefluenc.es and voltage o 

Lor otor begins to rotate ataiowspeed. The encoder senses shaft posihon changes a 
I egins to ratnp up its output fre q uency as a function of engine speed. Th,s increasing 
X This conftoUedprocessresuUsinafime variant invefter 

lehasreachedi.norntaioperatingspeed.thevariab.e voitage power suppiy , deactivated 

and the resulting DC output voltages are applied to the DC bus. This reconfiguration permits the 

Inth epowoutpu, m ode, A einve rt erprevidespower to ou g houtp U tfi,.ers.Thefilteredo^ 

pow erlthenconnected,oacon te c to rwhichdirec B it to asetof tt n»ina,s 

L consumer use. A control system integrates operation of the inverter, power supply, signal 

l power output mode ofoperafion, the con.ro, system confinuous.y measures output voltes 
I! the inverter and sends signals to the signa, generator to compensate for outpn, voitage 
fluctuations caused by varying output load conditions. 

[0009) According to a preferred embodiment, the signa, generator is a pulse widTh 

LduL Typically, the stator winding of the alternator is a three-phase winding and the 
inverter circuit and the AC circuits are three-phase circuits. 
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,00101 According to a preferred embodiment, the electrical system comprises a battery 

powered supply cucmt including a battery and a boost 6cm 0 inverter circuit for outputting to .he 
DC bus a voltage between 0 and that required by the inverter to power the alternator to safe 
ignition speeds. According to another preferred circuit, the battery powered supply ctrcutt 
comprises a step-down circuit for recharging the battery and for powering low voltage devtces 
such as fans and pumps from the DC bus during the output mode. 

BRIEF DESCRIPTION OF THE DRAWINGS 
,00111 Further features and other objects and advantages will become clear from the 

following detailed description made with reference to the drawings in which: 
,00121 Fig. 1 is a schematic drawing showing the overall relationship of the electncal 

system to the gas turbine/alternator; 

,00131 FiglisaschemaUcdrawingshowingtheelcctticalsystemforprov.dmgelectncal 
power to the alternator during the startup mode and for passing power generated to the load 
during the power out mode; 

,00141 Fig. 3 schematically illustrates a rectifier circuit for converting the alternator 

output to a DC current voltage on the DC bus; 

,00151 Figs 4a and 4b schematically illustrate the inverter circuit comprtsed of s>x IGBT 

switches used to commutate the current to the alternator during the startup mode and to provtde 
three-phase output during the power out mode; 

[00161 Fig. 5 schematically illustrates the open loop waveform generator and closed loop 

driver for the inverter circuit; 

,00171 Fig. 6 illustrates a boost/buck chopper suitable for using battery power durrng the 

startup mode to power the DC bus and for charging the battery from the DC bus during the power 
out mode; and 

,00181 Fig. 7 schematically illustrates the entire electrical system inc.udmg turbme 

sensors and turbine controls. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
(00191 Fig 1 illustrates fire relation between the electrical control system 1 , according to 

oris invention, and the power generation system comprising a gas turbine 2 and an alternator 3^ 
The alternator armature is mounted on a shaft common with the turbine shaft. The electrrcal 
control system interacts with the power generation system to provide startup power, engme 
control, signal processing, battery charging, user interfaces, as well as power converse and 
control for generating user power. Both stand-alone and line tie operations are fachtated. 

{W0082306.1} "4- 



,0020] Referring now to Fig. 2, the genera, arrangement of the electrical power chants 

for a turbine generator, according to this invention, is depicted. A turbine .0 is connected to a 
permanent magnet (rare earth samarium-coba..) alternator 1 1 by a common shaft 12. The stator 
is manufactured using a stack of high ouality, low loss, electric sheet stee. laminauons. Thts stack 
contains a three-phase distributed winding in twelve stater slots with a housing with prov.ston 
for oil cooling. The performance of the aiternator depends upon effective coohng. In the 
currently imp,emented embodiment, the four pole permanent magnet rotor has the foUowmg 
dimensions: active length 3.55 inches; diameter under magnets 1.00 inch; diameter over 1.430 
inches^eightofmagnetsO.TOpounds^otorweightl.OSpounds. 

,00211 The three-phase stator windings of the alternator are connected by an AC bus 

La rectifier 15. The output of the rectifier is connected to a DC bus During power 

output on the AC bus is rectified by the rectifier providing DC power on Ore DC bus. The DC 

power to provide three-phase output having a fluency unrelated to the rotattonal speed of th 

is filtered by inductors 19 and capacitors 20. The filtered three-phase output ,s passed to a ioa 
throug h an output contactor 21 (controlled by the system controller ,8 through a relay 22) and 
output breakers 23. 

' A current transformer 25 senses output current which is fed back to the system 

controller 18 enabling current limit and power balancing of the three-phase output. 
,0023, In order to start fire turbine, it is necessary to accelerate it to a suttable tgnmon 

contactor 30 which is contro.led by the system controller 18. At the same time, a capamtor 
contactor31re.noves.he filter capacitors 20 from the output circuit. Because of the very htgh 
fluencies during startup, it is necessa^ to remove the filter capacitors 20 from the stator 

ZZ During startup, DC power is drawn from a battery 33 through a fuse 34 and is 

applied to a boost chopper 36. The boost chopper ramps the voltage of the DC battery power 
flotoavoltage which, when converted to AC by the inverter 17, wii, drive the alternator as 

37 generates a signal which is applied to the system controller 1 8 which in turn uses the s.gnal 
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,0025, Referring to Fig. 3, a suitable rectifier circutt ,s schemat.ca.ly .Uustrated T 

rihases.torwindinss^^MMe.ta— .„ — -«—*-** 
/iio <nh 43c 43d 43e,43ftotheDCbus 16. 

, , t;™ „„d Fie 4b a star connection for the stator winding.) The 

/-via 4a illustrates a delta connection and t lg. 4D a sun w 

16tteoughcon ^3 ^-rr^r-^-*-.--- 

by a microprocessor in the system controller. The outpnt inverter ,s use ,n two dtsfindv 
IrentJyadufing^pandpoweroutoperafionsofu.epowergenerafions^ 
2 Onringthestarnapphase.fiheinvefierisusedtooutputtintevanantvoiUges. 

c*^-^^— -"- , "-* ,-, * ,- T ,, r^ 

present configuration, Otis requires three-phase vohages rangtng front 0 up 
A.^r.npnripq from near 0 and up to 2 kHz. 

00,7 - Power on, phase, the inverter is US e d to ontpnt te e-phase vohages 

infinite ranee of voltages and frequencies could be selected if des.red. 

rZbleofUnefie.anexistingpowergrid. Lute phasing circuifry is used in co n) u„— 

i;:; 0 * e 1lg,schentafica,,.,,us tt ates*epo rt ionoffi,e system controller for generating 
, form for driving me inverter 17. A frequency generator 50 generates output 

;r.:z— : «—»■..«»■— — 

{W0082306.1} " ^ " 



applied to advance the output in sine wave PROMs (programmable read only m ^ m ° 

52b, 52c. The outputs from the sine wave PROMs (basically a 256K lookup ^ H tal 

sm^dfromeachomerexacfry^apan.Tbeoutpu.frommePROMsareappedod^ 

to .^o g converters 53a, 53b,53e, producing three analog sine waves. The amphtude of each 
waveform out of the digital-to-analog converters is individually controlled y a sure wave 
(ampfrtudOcommand. The sine waves are then compared in pulse width modulators 5 a, 54b, 
Z with a triangle wave from a triangle wave generator. The fluency of the tnangle wave 

Ure drivers produce three complimentary pairs of pu.se siguals for controlling the mverte. The 

t0 adjust the amplitude of signals ou, of the digital-to-analog converter. Wmle the wave fr™ 
ci J tis principally used to drive the inverter during the power ou, mode, .t may bene to 

cont ro,the inverter at the very beginning of.he startup mode to cause the armature to rotate at 
.east once. This permits phasing of the Hal. effect sensor signa.s. 

, 00311 Three Hall effect switches 58 are mounted to pick up magnetrc pulses 120 apart 

apair of signals corresponding to each pickup pulse. The three pairs of srgnals are gated by the 

colutate electrical power to the stator windings of the alternator. Phasmg of he sensor ,s 

int he irectionofnorma, rotation. Rotation of the shaft during this initial perrod of the startup 
phase is accomp.isbedby^mic^mpu^contro.ofmeoutputmvertersys^m^open^ 
configuration that does not utilize the Hall effect sensors. Once phasingofthe sensors as bee 
omp letcd, their signals are directed to the output inverter section of fire system to fac rtat 

J*61 processes feedback from the inverter circuit ,7 to adjust the gainofmcdnvercrrcurts 
to balance the output of the three phases output from the inverter 17. 



I00321 During.hestanup.ode.^ba.terysuppHespowerto.heDCbustooug* 
k F * 6 is a schematic of a boost chopper for supplying the DC bus w,th a voltage 
boostchopper Fig. jo or 24 volt battery during the startup mode. When the boost chopper 

— -.tn— — — 

the following components are sized as set forth: 

j i q 300 mH per phase 
filter inductors 19 

v on 100 uF per phase 
filter capacitors 20 

DC bus capacitor 70 4700 ^ F 

IGBT switches in inverter 17 400A/600V 
|0035 , Fig . 7 i,lus tt ates,hein te racrionberiveenmesys.mcontrol,era„dmegasmrb^ 
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|0036 , Ttate micn»^«^'-^«-"^^77^ 

of operation. The third microprocessor monitors and directs 

frequencies, voltages, actuates relays, etc. 

OPERATION 

controller 18, s used to operating in this manner, the alternator is utthzed 

voltage and frequeney as a taction of time. Opera g 

* iio. 18 for providing user power output. In tms muuc " 
the system controller 18 for providing P « 0 wer by the rectifier 1 5 and 

«;rr»™ — - — - — * — - 
r;rri,-,»— ,.— - 

sr - r— jc-.--->— — — — ■ 
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